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Translational activatorMitochondria contain their own genome which codes for a small number of proteins. Most mitochondrial
translation products are part of the membrane-embedded reaction centers of the respiratory chain com-
plexes. In the yeast Saccharomyces cerevisiae, the expression of these proteins is regulated by translational ac-
tivators that bind mitochondrial mRNAs, in most cases to their 5′-untranslated regions, and each
mitochondrial mRNA appears to have its own translational activator(s). Recent studies showed that these
translational activators can be part of feedback control loops which only permit translation if the down-
stream assembly of nascent translation products can occur. In several cases, the accumulation of a non-
assembled protein prevents further synthesis of this protein but not translation in general. These control
loops prevent the synthesis of potentially harmful assembly intermediates of the reaction centers of mito-
chondrial enzymes. Since such regulatory feedback loops only work if translation occurs in the compartment
in which the complexes of the respiratory chain are assembled, these control mechanisms require the pres-
ence of a translation machinery in mitochondria. This might explain why eukaryotic cells maintained DNA in
mitochondria during the last two billion years of evolution. This review gives an overview of the mitochon-
drial translation system and summarizes the current knowledge on translational activators and their role in
the regulation of mitochondrial protein synthesis. This article is part of a Special Issue entitled: Protein import
and quality control in mitochondria and plastids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Eukaryotic cells of animals and fungi contain two translation ma-
chineries, one in the cytosol and one in mitochondria. The cytosolic
translation system is well studied whereas we know little about the
mitochondrial translation system. This is in part due to the fact that
early studies claimed, on the basis of the sedimentation constant of
the mitochondrial ribosome and its sensitivity to antibiotics, that
the mitochondrial translation system is essentially identical to that
of prokaryotes [1–3]. Hence studies on the mitochondrial system
were expected to be unrewarding as they would only conﬁrm what
had previously been found on the bacterial translation system. How-
ever, more detailed analysis of the mitochondrial translation system
shows that it differs signiﬁcantly from that of bacteria. Moreover,
the absence of a reconstituted system that would allow the synthesis
of mitochondrial translation products in vitro largely prevented a de-
tailed analysis of the mechanisms by which proteins are synthesized
in mitochondria. Over the last decades genetic screens for petiten import and quality control in
+49 631 2052492.
(J.M. Herrmann).
l rights reserved.(respiration-deﬁcient) yeast mutants identiﬁed many factors from
Saccharomyces cerevisiae that are critical for the expression of mito-
chondrial proteins. A subgroup of these mutants showed speciﬁc
translation defects in which the synthesis of individual mitochond-
rially encoded proteins is affected [4–7]. The analysis of these mu-
tants led to the concept of translational activators, i.e. components
that interact with speciﬁc mitochondrial mRNAs to facilitate their
translation by the ribosome [8–11]. Although potential translational
activators could be identiﬁed for all protein genes of the mitochondri-
al genome of S. cerevisiae (Table 1), their molecular function in trans-
lational initiation or elongation is still largely unclear. It is also unclear
whether all translational activators bind directly to mRNA sequences
or whether some of them interact with other components of the
translation machinery. Interestingly, recent studies showed that
translational activators control the level of mitochondrial protein syn-
thesis and adapt the amount of the proteins that are produced to the
efﬁciency of their assembly processes. Thereby, translational activa-
tors prevent the accumulation of non-assembled translation products
which, due to their activity in electron or proton transport, can be
highly deleterious for the cell [12–14]. This review will be focused
on mRNA-speciﬁc translational activators from the budding yeast S.
cerevisiae and only brieﬂy present similar factors from other species,
like the ﬁssion yeast Schizosaccharomyces pombe and human.
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The number of mitochondrially encoded proteins is very small
compared to the total number of mitochondrial proteins: in 2009,
the manually validated list of mitochondrial proteins of the MitoP2
database showed 590 entries for yeast, 920 for human and 1020 for
mouse [15]. Proteomic studies on the basis of mass spectrometry of
mitochondria isolated from mouse tissues led to the identiﬁcation of
3881 different proteins [16]. Even if a fraction of these proteins
might be due to contamination of the samples this large number is
surprising since this suggests that mitochondria of eukaryotic cells
are more complex than many bacteria. The genome of Rickettsia pro-
wazekii, which was suggested to be closely related to the endosymbi-
otic ancestor of mitochondria, contains only 834 protein-coding
genes [17]. Despite this large number of mitochondrial proteins, mi-
tochondrial genomes are small and encode only a handful of proteins.
The largest mitochondrial genomes are found in some protists and
plants where up to 67 proteins can be encoded [18–21]. At the other ex-
treme, there are some parasites like Plasmodium falciparum where the
mitochondrial genome codes for only three proteins. Most animals and
fungi have mitochondrial genomes that code for a similar set of about
a dozen products which all are hydrophobic proteins and which consti-
tute the membrane-embedded reaction centers of complexes I, III, IV
and V of the respiratory chain. All other genes of the bacterial ancestor
of mitochondria were either lost or transferred to the nuclear genome.
Why the remaining genes were not transferred is unclear. It was specu-
lated that the hydrophobicity of these components would prevent their
import from the cytosol to the inner membrane of mitochondria (“hy-
drophobicity argument”) [22,23]. A second, and not mutually exclusiveTable 1
Translational activators of S. cerevisiae and potential homologs in fungi and humans.
Regulated
gene
Translational
activator
Z. rouxii A. gossypii C. glabrata K. lact
VAR1 Sov1 34.6 (56.0)
XP_002498989
27.1 (46.7)
NP_984245
29.5 (47.9)
XP_446255
25.7 (
XP_45
COB Cbs1 23.2 (40.8)
XP_002495492.1
19.5 (36.3)
NP_984926.1
27.7 (38.2)
XP_445445.1
22.2 (
XP_45
Cbs2a 38.7 (59.0)
XP_002495851.1
25.1 (47.0)
NP_986558.1
27.2 (47.1)
XP_446211.1
33.7 (
XP_45
Cbp1 39.0 (58.2)
XP_002496426.1
n.d. 25.9 (44.3)
XP_447525.1
n.d.
Cbp3 67.5 (78.4)
XP_002499238.1
65.5 (77.4)
NP_985439.2
59.9 (70.1)
XP_445942.1
60.3 (
XP_45
Cbp6 58.9 (77.9)
XP_002496369.1
55.2 (72.4)
NP_983724.1
53.0 (75.6)
XP_445464.1
55.8 (
XP_45
COX1 Pet309 44.6 (65.5)
XP_002497313.1
28.8 (50.7)
NP_983174.1
34.3 (55.3)
XP_446040.1
32.3 (
XP_45
Mss51 70.7 (81.7)
XP_002497704.1
64.3 (74.6)
NP_983252.1
69.2 (78.1)
XP_444937.1
69.4 (
XP_45
COX2 Pet111 32.7 (54.8)
XP_002498568.1
23.1 (38.7)
NP_986449.1
24.8 (49.3)
XP_446903.1
21.7 (
XP_45
COX3 Pet54 34.9 (52.3)
XP_002495605.1
26.5 (43.8)
NP_983963.2
30.0 (47.3)
XP_445062.1
28.9 (
XP_45
Pet122 27.2 (46.6)
XP_002495426.1
20.9 (35.5)
NP_986808.1
29.0 (44.5)
XP_447535.1
19.9 (
XP_45
Pet494 30.9 (48.5)
XP_002497187.1
23.2 (41.5)
NP_986428.2
31.4 (48.0)
XP_445331.1
25.6 (
XP_45
ATP6/8 Atp22 32.3 (54.8)
XP_002494650.1
22.9 (43.5)
NP_983301.1
27.7 (45.5)
XP_444871.1
21.4 (
XP_45
ATP9 Aep1/Nca1 25.1 (41.1)
XP_002498995.1
19.7 (36.3)
NP_984238.1
23.2 (43.2)
XP_446253.1
22.0 (
XP_45
Aep2/Atp13 25.0 (40.9)
XP_002498605.1
19.8 (37.6)
NP_982828.2
24.7 (40.3)
XP_449480.1
23.1 (
XP_45
Potential homologs were identiﬁed using reciprocal PSI-BLAST [142] searches with the S. cer
ilarity) values were determined. Homologs were searched in the genomes of Ashbya gossypii
omyces pombe, Yarrowia lipolytica, and Zygosaccharomyces rouxii.
a Cbs2 has a homolog in S. cerevisiae named Pan5, which is not involved in mitochondria
cantly closer to Pan5 than to Cbs2 by reciprocal Blast searches, suggesting that the actual C
b According to Kühl et al. [133,134].
c According to Perez-Martinez et al. [120].explanation is that mitochondrial expression of these proteins allows a
coordinated synthesis and assembly in the organelle (“regulation argu-
ment”). There is compelling experimental evidence for both arguments;
the mechanisms by which translation efﬁciency is coupled to complex
assembly is discussed in Section 4.
2.1. Mitochondrial ribosomes
Mitochondrial ribosomes of S. cerevisiae have a sedimentation co-
efﬁcient of 74 S [24]. The small subunit (37 S) consists of a 15S rRNA
and at least 34 proteins, the large subunit (54 S) contains a 21S rRNA
and at least 44 proteins (“Saccharomyces Genome Database” http://
www.yeastgenome.org/ Dec. 2011) [25–27]. About half of the ribo-
somal proteins have bacterial homologs but many of these conserved
components were signiﬁcantly changed during evolution; most of
these proteins have N- or C-terminal extensions whose function is
not clear [25,28,29].
Published information on the structure of fungal ribosomes does not
exist, but cryo-electron microscopic analyses of mitochondrial ribo-
somes of animals and protists revealed big structural differences when
compared to the cytosolic ribosomes of bacteria or eukaryotes [30,31].
These differences were most obvious for the surface of the ribosome
(which is largely protein-covered inmitochondria) whereas the catalyt-
ic region at the interface of both subunits appeared to be largely con-
served [29,32]. Interestingly, the region around the polypeptide exit
tunnel differed considerably from that of other ribosomes probably
due to the interaction of the mitochondrial ribosomes with the protein
insertion machinery of the inner membrane [30]. Yeast mitochondrial
ribosomes are indeed permanently tethered to the inner membrane,is Y. lipolytica N. crassa S. pombe H. sapiens
44.5)
6240
17.3 (32.3)
XP_504517.1
n.d. n.d. n.d.
36.6)
1676.1
n.d. n.d. n.d. n.d.
54.5)
3891.1
22.4 (37.6)
XP_505684.1
16.9 (30.2)
XP_962957.1
23.6 (39.2)
NP_596855.1
n.d.
14.2 (29.1)
XP_504853.1
n.d. n.d. n.d.
73.5)
1625.1
34.3 (47.7)
XP_501967.1
22.3 (33.8)
XP_955800.1
31.4 (41.4)
NP_588073.1
21.0 (31.5)
AAL13118.1
76.7)
1927.1
15.1 (26.8)
XP_002142985.1
22.4 (37.1)
XP_956065.1
17.8 (32.5)b
NP_595262.1
15.8 (26.7)b
NP_115716.1
53.7)
3302.1
13.8 (24.2)
XP_499812.1
16.5 (31.7)
XP_961771.1
17.0 (30.7)
NP_594277.1
14.4 (21.1)
AAA67549.1
81.0)
3616.1
55.6 (71.1)
XP_504687.1
31.5 (43.2)
XP_957281.2
33.0 (48.2)
NP_594464.1
17.8 (31.8)c
NP_001019764.1
45.6)
1913.1
n.d. n.d. n.d. n.d.
45.6)
4667.1
n.d. n.d. n.d. n.d.
36.9)
3991.1
n.d. n.d. n.d. n.d.
45.3)
4026.1
n.d. n.d. n.d. n.d.
39.4)
4934.1
n.d. n.d. n.d. n.d.
42.0)
6247.1
n.d. n.d. n.d. n.d.
40.8)
3131.1
n.d. n.d. 15.7 (26.9)b
NP_588200.1
n.d.
evisiae sequences. After alignments with the S. cerevisiae sequences, identity (and sim-
, Candida glabrata, Homo sapiens, Kluyveromyces lactis, Neurospora crassa, Schizosacchar-
l biogenesis. The sequences retrieved in Y. lipolytica, N. crassa and S. pombe are signiﬁ-
bs2 protein is probably not conserved in these three organisms.
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of membrane proteins [33]. Membrane binding of ribosomes is mediat-
ed by several innermembrane proteins: (i) theOxa1 insertasewhich fa-
cilitates the insertion of nascent translation products into the inner
membrane contains a C-terminal ribosome-binding domain [34–38];
(ii) Mba1 is a peripheral inner membrane protein that serves as ribo-
some receptor [39–41]; and (iii) Mdm38 also binds to the large subunit
and cooperates with Mba1 in ribosome binding [42,43]. But even in the
absence of Oxa1, Mba1 and Mdm38, ribosomes remain membrane-
bound indicating that further components must exist which connect ri-
bosomes with the inner membrane.
2.2. Mitochondrial tRNAs
Mitochondrial tRNAs differ in several respects from those of bacte-
ria and the eukaryotic cytosol. (i) There is a strongly reduced number
of tRNAs: The yeast mitochondrial genome contains genes for only 24
tRNAs corresponding to 20 amino acids [44,45]. Thus, individual
tRNAs need to recognize a broad set of codons. (ii) The mitochondrial
genetic code usually deviates from the standard code. For example in
S. cerevisiae mitochondria, the standard STOP codon UGA is used for
tryptophan, the standard isoleucine codon AUA for methionine and
the leucine codons CUA, CUC, CUG and CUU for threonine. (iii) Mito-
chondrial tRNAs often show an unusual secondary structure; for ex-
ample they lack the interaction between the D and T arms that
occurs in canonical tRNAs.
Following transcription, the 5′ and 3′ ends of tRNAs are matured
by RNase P (consisting of Rpm2 and an RNA subunit) and RNase Z
(Trz1), respectively, before they are extended by a tRNA nucleotide
transferase at the acceptor stem which adds the nucleotides CCA
[46–49]. Several tRNAs are further modiﬁed by other enzymes;
while the modiﬁcations by Trm1 and Mod5 are not critical for protein
expression in mitochondria [50,51], modiﬁcations of the tRNAs for
glutamate, lysine and glutamine by the proteins Mss1, Mto1 and
Mto2 are necessary for the efﬁcient synthesis of mitochondrial trans-
lation products [52,53]. While a full set of tRNAs is encoded in the mi-
tochondrial genome of S. cerevisiae, an additional lysine tRNA is
imported from the cytosol to the mitochondrial matrix; this nuclear
encoded tRNA is not essential for mitochondrial translation but may
play a regulatory role in protein synthesis [54]. In contrast to yeast
and animals, some organisms like land plants or trypanosomes im-
port most or even all mitochondrial tRNAs from the cytosol.
2.3. Mitochondrial mRNAs
Themitochondrial genome of S. cerevisiae codes for eightmajor pro-
teins: seven are essential subunits of the respiratory complexwhile one
mitochondrially-encoded protein is a ribosomal subunit. Each protein is
encoded by a single mature mRNA except for ATP6 and ATP8, which
genes share a promoter and form a cotranscript. The seven protein-
coding transcripts have long 3′- and 5′-untranslated regions (UTRs)
which may contain stem-loop structures playing important regulatory
functions. S. pombe mitochondrial DNA encodes the same set of pro-
teins, however its mRNAs contain considerably shorter 5′-UTR and al-
most no 3′-UTR [55]. In humans, the 13 mitochondrial mRNAs are
even more compact since they often completely lack UTRs [56]. These
differences in the structures of the protein coding transcripts probably
reﬂect differences in the regulation of translation between these
organisms.
In contrast to bacterial mRNAs, mitochondrial transcripts lack
Shine–Dalgarno sequences; an octanucleotide has been proposed to
play a similar role but its functional signiﬁcance has not been demon-
strated [57]. The mechanisms by which the START codon is chosen for
translational initiation are not known. Clearly, a stringent selection oc-
curs sincemutagenesis of the regular initiation codon of the COX2mito-
chondrial RNA in S. cerevisiae does not allow translation initiation at thenearby downstream AUG [58] to produce the mitochondrial reporter
protein Arg8 [59]. In the case of the COX2 mRNA, a repeated 11-
nucleotide sequence around the AUG could play a role in the recogni-
tion of the initiation codon [60].
In yeast the genes for cytochrome b (COB) and Cox1 contain introns
(up to ﬁve and seven, respectively) that are removed by intron-encoded
maturases and a large number of nuclear-encoded splicing factors
which are indirectly involved in the splicing process [45]. Thus, defects
in the translation of such intron-containingmRNAs abolish the produc-
tion of maturases and accumulate unspliced precursor RNAs. In addi-
tion, mitochondrial transcripts are often trimmed on their 5′ and 3′
ends by processing nucleases. In both budding and ﬁssion yeasts, mito-
chondrial mRNAs are not polyadenylated [61], whereas human mRNAs
contain poly-A tails [56]. Degradation of RNAs is controlled by themito-
chondrial degradosome complex (mtEXO) and several different nucle-
ases [61,62].2.4. Protein factors that control translation
Many nuclear encoded factors are critical for mitochondrial pro-
tein synthesis. Due to the lack of an in vitro translation system, little
is known about their speciﬁc function except for those components
that have homologs in bacteria. Among the proteins conserved in S.
cerevisiae are initiation factors (the methionyl-tRNA formyltransfer-
ase Fmt1 and the IF2 homolog Ifm1), elongation factors (the EF-Tu
homolog Tuf1, the EF-G homolog Mef1 and the ﬁdelity factor Guf1)
and termination factors (the stop codon recognition factor Mrf1, the
ribosome recycling factor Rrf1 and the EF-G homolog Mef2 which
functions in ribosome recycling) [63–68]. Strikingly, S. cerevisiae ap-
pears to lack IF3 and EF-Ts homologs, which are found in both S.
pombe and humans [69–71]. IF3 regulates translation initiation and
EF-Ts is the nucleotide exchange factor for the EF-Tu GTPase. These
factors could participate in the ﬁne-tuning of mitochondrial transla-
tion in organisms with mRNAs lacking cis-regulatory elements. Mito-
chondria from yeast and human appear to lack IF1, however it has
been proposed that a domain of the IF2 homolog could play this
role [71,72].3. Translational activators
The concept of transcript-speciﬁc translational activators in yeast
mitochondria emerged in the late 1980s andwas ﬁrst described in de-
tail in a seminal review published by Maria Costanzo and Tom Fox in
1990 [8]. Translational activators are nuclear encoded proteins that
presumably organize the translation machinery in several ways
(Fig. 1): (i) They recognize 5′-UTRs of mitochondrial mRNAs in a sub-
strate speciﬁc manner; (ii) they interact with proteins of the small
(and large) subunit of the ribosome, presumably to initiate transla-
tion; (iii) they bind to the inner membrane and thereby restrict trans-
lation to the membrane surface; (iv) they are generally present in
limiting amounts and thus restrain the expression of their target
RNA; and (v) in some cases they might bind directly or indirectly to
the nascent polypeptide chains to accompany them to the assembly
machinery. Whether all translational activators exhibit all these activ-
ities is not known. Unfortunately, the lack of an in vitro translation
system has prevented a detailed analysis of their activities during
translational initiation and elongation. The study of translational acti-
vators is further complicated by the fact that they are only expressed
at very low levels in vivo and are difﬁcult to express in bacteria. Nev-
ertheless, genetic studies often based on the selection of mitochondri-
al DNA rearrangements or the construction of mitochondrial reporter
genes by biolistic transformation in S. cerevisiae revealed many fasci-
nating insights into the relevance of translational activators which
will be summarized in the following sections.
289J.M. Herrmann et al. / Biochimica et Biophysica Acta 1833 (2013) 286–2943.1. Translational activators of cytochrome oxidase subunits
Three subunits of the cytochrome c oxidase complex are encoded
in mitochondria: Cox1, Cox2 and Cox3. Cox1 expression depends on
two translational activators: Pet309 and Mss51. Pet309 is a
membrane-bound pentatricopeptide repeat (PPR) protein [73]; ho-
mologs are present in fungi, plants and animals. The human homolog
is referred to as Lrp130 or LRPPRC which when mutated leads to a cy-
tochrome c oxidase deﬁciency known as French–Canadian Leigh syn-
drome, however its function differs from that of Pet309 since it acts at
different steps of mitochondrial RNA metabolism and has several tar-
gets including COX1 and COX3 [74–76]. Proteins with PPR motifs play
various roles in RNAmetabolism and have expandedmassively in ter-
restrial plants where hundreds of PPR proteins are found [77,78].
Whereas more PPR proteins are found in mitochondria than chloro-
plasts, mitochondrial PPR proteins have been less studied because
they are often essential factors, which makes their analysis difﬁcult.
In contrast to plant mitochondria, mitochondria of fungi and animals
contain only a handful of PPR proteins. In yeast, Pet309 targets the 5′-
UTR of the COX1 mRNA, as shown by a mitochondrial by-pass sup-
pressor which consists of a DNA rearrangement fusing the 5′-UTR of
the cytochrome b mRNA in the place of a large fragment of the
COX1 mRNA 5′-UTR [79]; in the absence of Pet309, the intron-
containing COX1 mRNA is unstable, whereas the intron-less COX1
mRNA is stable although still not translated. Thus, Pet309 may have
a direct additional role on stabilization of precursor versions of the
COX1 mRNA. However, the seven PPR motifs of Pet309 are not re-
quired for stabilization of the COX1mRNA but for its productive trans-
lation [80]. It was proposed that the PPR domain may induce a
translation-competent conformation of the COX1mRNA and/or inter-
act with other components like the ribosome. The second translation-
al activator of COX1 is Mss51, which has both RNA and protein targets
within the COX1 mRNA and the Cox1 protein respectively (see
Section 4.2).
Pet111, which has also recently been classiﬁed as a PPR protein
[81] serves as membrane-associated translational activator of COX2
[82–84]. The ﬁnding of by-pass suppressors as well as extensive mu-
tagenesis has shown that it speciﬁcally interacts with a stem-loop
structure from the 5′-UTR of the COX2 mRNA [57,85] and is essential
for its translation. Interestingly, increased levels of Pet111 lead toLSU
SSU
Matrix
IMS
5'
3'
Translational
activator
mRNA
Interaction with
inner membrane
Interaction
with mRNA
Interaction with
ribosome
Fig. 1. Translational activators interact with several components. Translational activa-
tors generally interact with the 5′-UTRs of mRNAs, and in some cases, such as Mss51,
also bind to the nascent protein. In addition interactions with the ribosome, in partic-
ular with proteins of the small subunit, have been shown. Furthermore, translational
activators are often membrane-associated, presumably to restrict translation to a re-
gion that is close to the inner membrane. The ribosome is also tethered to the mem-
brane by interaction with various factors in close proximity to the polypeptide tunnel
exit. Finally, the translational activators for COX1, COX2 and COX3 interact with each
other, which might help to balance the levels of the three subunits of the cytochrome
c oxidase or to deﬁne the sites at which they are synthesized.increased synthesis of Cox2 indicating that Pet111 is rate-limiting
for Cox2 synthesis [83,86].
Synthesis of Cox3 depends on the three translational activators
Pet54, Pet122 and Pet494 which physically and genetically interact
with each other, with the 5′-UTR of COX3 mRNA, proteins of the
small ribosomal subunit and the inner membrane [11,87–89]. Poten-
tially these large complexes of translational activators may deﬁne hot
spots at the inner membrane at which the different subunits of cyto-
chrome c oxidase are synthesized and assembled.
3.2. Translational activators of cytochrome b
Translation of cytochrome b appears to be a well-orchestrated
process that relies on a number of different factors: Cbs1 and Cbs2 in-
teract speciﬁcally with 5′-UTRs of the COBmRNA [90,91]. So both pro-
teins are dispensable when cytochrome b is synthesized from an
mRNA that contains the 5′-UTR of ATP9 [92]. Cbs1 and Cbs2 co-
purify with translating ribosomes suggesting that both proteins are
not only involved in the initiation process but remain on the mRNA-
ribosome complex during synthesis of cytochrome b. Cbp1 is another
protein binding to the 5′-UTR of the COBmRNA; Cbp1 plays a stabiliz-
ing function since in its absence, the COBmRNA is rapidly degraded; if
degradation is suppressed, Cbp1 is still necessary for translation of
the COB mRNA [93–95]. Thus Cbp1 has a dual function in both stabil-
ity and translation. Cbp1 and Pet309 were identiﬁed in a protein com-
plex which may function as a stabilizer of COX1 and COBmRNAs; both
genes contain introns and share a common maturase factor encoded
by the COB gene [96], thus such a stabilizing complex might promote
splicing of both transcripts [97]. Two further factors, Cbp3 and Cbp6,
play a role in translation of cytochrome b. Their function is discussed
in Section 4.3.
3.3. Translational activators of subunits of the ATPase
The translation of the three ATPase subunits Atp6, Atp8 and Atp9
is not well understood. Aep1/Nca1 and Aep2/Atp13 are potential
translational activators that are required for translation of the ATP9
mRNA [98–101]. Atp22 was also recently identiﬁed as a potential
translational activator of the ATP6–ATP8 transcript [102]. The essen-
tial role of Atp22 in the expression of Atp6 can be bypassed if the
ATP6 mRNA is fused to the 5′-UTR of COX1 [103]. Its role in the mod-
ulation of ATP6–ATP8 translation is further discussed in Section 4.4.
3.4. The translational activator of Var1
Sov1 (synthesis of Var1) was proposed to serve as translational ac-
tivator for Var1 [104]. Mutations in sov1 prevent the expression of a
fusion of the VAR1 5′-UTR to the ARG8m mitochondrial reporter
gene [59], however both the VAR1 and VAR1::ARG8m transcripts are
destabilized in these strains. Thus, further analysis will be necessary
to determine if Sov1 can, like Cbp1, be involved in both the stabili-
ty/processing and translation of the VAR1 mRNA [104]. A recent
study suggested that Sov1 plays a critical role in life span regulation
presumably by interacting with the cellular TOR signaling pathway
[105]. The direct role of Sov1 in this process is, however, not clear.
4. Feedback control loops
Autoregulatory feedback loops that coordinate the rates of synthe-
sis of a protein with its subsequent assembly were originally discov-
ered in chloroplasts [106,107]. The observation that the synthesis of
subunit f is strongly reduced in the absence of its assembly partner
cytochrome b6 led to a concept that was termed “Control by Epistasy
of Synthesis” (CES) [108]. Similar regulatory circuits were observed
for the synthesis of a number of plastid-encoded proteins and these
feedback loops presumably allow the coordination of the levels of
Matrix
IMS
5'
3'
Sov1
Var1
Var1
Hsp70-dependent
folding
Assembly
Synthesis
Fig. 2. Feedback control of Var1 synthesis. Var1 is the only soluble protein that is syn-
thesized on mitochondrial ribosomes. A matrix chaperone is required for the folding
and assembly of Var1 into the small subunit of the mitochondrial ribosome. Defects
in the synthesis or folding of Var1 lead to the production of immature, non-
functional ribosomes and thus prevent the synthesis of mitochondrial translation prod-
ucts, including that of Var1.
Matrix
IMS
5'
3'
Pet309
Mss51
Mss51
Cox1
Cox1
Synthesis
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Fig. 3. Feedback control of Cox1 synthesis. The COX1 mRNA is the target of two transla-
tional activators, Pet309 and Mss51. The membrane-associated protein Mss51 probably
binds to the COX1 mRNA at its 5′-UTR region. Moreover, it binds the newly synthesized
Cox1 protein and stabilizes it together with a number of other assembly factors. As long
as unassembled Cox1 and these assembly factors are bound toMss51,Mss51 cannot stim-
ulate translation of COX1. Only upon assembly of Cox1 with other subunits of the cyto-
chrome c oxidase complex is Mss51 released to activate COX1 translation.
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nome of plants and algae [109–111].
4.1. Var1 synthesis depends on the assembly of functional ribosomes
In recent years feedback control loops similar to those in chloro-
plasts were also identiﬁed in yeast mitochondria. The simplest of
these control circuits is that of Var1 synthesis (Fig. 2). Var1 is a pro-
tein of the small subunit of the ribosome that is added as one of the
last components during the assembly process of the small subunit
[112,113]. In the absence of Var1, mitochondrial ribosomes are inac-
tive and cannot synthesize proteins. Expression of a nuclear variant
of Var1, fused to a mitochondrial matrix-targeting signal, yielded
functional ribosomes [114]; thus import problems cannot explain
the mitochondrial localization of the VAR1 gene. Assembly of
mitochondrially-encoded Var1 into the mitochondrial ribosomes re-
lies on its Hsp70-dependent folding in the matrix [115]. Hsp70 is a
mitochondrial chaperone involved in general protein import into mi-
tochondria. Thus it is conceivable that decreased Hsp70 levels will not
only reduce protein import into mitochondria but also the number of
functional mitochondrial ribosomes because lower amounts of Var1
are assembled under these conditions.
4.2. Cox1 synthesis depends on the assembly of cytochrome c oxidase
The best understood feedback loop is the one that regulates Cox1
synthesis. Mutants that fail to assemble Cox1 stop to synthesize this
protein. This regulatory circuit depends on the translational regulator
Mss51 that plays two mutual exclusive roles in Cox1 biogenesis
(Fig. 3). On one hand, Mss51 interacts with the COX1 mRNA and is re-
quired for its translation [116,117], probably by binding to the 5′-UTR,
although additional interaction with the 3′-UTR has not been excluded
yet; on the other hand, Mss51 also appears to govern translation elon-
gation through another target speciﬁed by the coding region of the
COX1mRNA. It is tempting to speculate that this regulatory element is
the nascent peptide rather than an RNA sequence within the COX1
ORF, since it has been shown that Mss51 binds to newly synthesized
Cox1 until it assembles with other subunits of cytochrome c oxidase
[118–121]. In addition the Mss51-bound intermediate contains the as-
sembly factors Coa1 [122], Coa3/Cox25 [123,124], Cox14 [118,125]
and Shy1 [121,126–128]. As long as the newly synthesized Cox1 protein
is sequestered in this assembly complex, Mss51 is unable to stimulate
new rounds of Cox1 synthesis. However, upon release of Cox1 from
this intermediate, Mss51 is liberated to initiate Cox1 synthesis again.
Mutants lacking Cox14 or Coa3 contain a destabilized assembly inter-
mediate complex. In this case, Mss51 is not efﬁciently sequestered
and Cox1 is synthesized even if it fails to assemble into a cytochrome
c oxidase complex. Destabilization of the intermediate complex is also
found in mutants that synthesize Cox1 variants that lack the C-
terminal 15 amino acid residues: although this Cox1 variant is function-
al its expression is not controlled by the feedback loop [129]. The role of
the individual subunits of the assembly intermediate complex is
unclear.
At least some components of this process are conserved in mam-
mals and play important roles. For example, mutations in the
human homolog of Shy1, called SURF1, lead to Leigh syndrome, a
neurological disorder which is characterized by cytochrome c oxidase
deﬁciency [14,130,131]. However in humans it is not clear whether
Cox1 synthesis is under a similar feedback regulation as in yeast, as
the 5′-UTR of COX1 mRNA consists only of three nucleotides. Clearly,
Cox1 synthesis is a universal point of control for mitochondrial bio-
genesis since the only messenger-speciﬁc translational activators
known to date in S. pombe and human target the COX1 mRNA. These
are TACO1 in human [132], whose mutation causes a late-onset Leigh
syndrome, and Ppr4 in S. pombe [133], which is a PPR protein homolo-
gous to Pet309. Possible sequence homologs of Mss51 appear to existin both organisms [120,134,135]. However, the role of the human ho-
molog in mitochondrial biogenesis, if any, is as yet unclear, and S.
pombe Mss51 appears to act only at a post-translational level of cyto-
chrome c oxidase. A feedback-regulation of COX1 translation could
still exist in humans and S. pombe and could involve the Mss51 homo-
logs as well as the known translational activators TACO1 and Ppr4.
4.3. Cytochrome b synthesis depends on the assembly of cytochrome
c reductase
Cytochrome b is the central hydrophobic subunit of cytochrome c
reductase. Recently, a feedback loop was identiﬁed that might coordi-
nate the levels of synthesis and assembly of cytochrome b [136]. Cbp3
and Cbp6 form a dimer that binds to mitochondrial ribosomes near
the polypeptide exit tunnel (Fig. 4). This complex binds speciﬁcally
to newly synthesized cytochrome b and prevents it from degradation
by mitochondrial proteases. Before cytochrome b assembles with
other subunits of the cytochrome c reductase complex, it forms an as-
sembly intermediate that contains Cbp3, Cpb6 and the assembly fac-
tor Cbp4 [136]. Upon further assembly, Cbp3 and Cpb6 are released to
associate again with ribosomes. Since the presence of Cbp3 and Cbp6
on the ribosome accelerates the rates by which the COB mRNA is
translated this mechanism represents a feedback control loop that,
in its principles, resembles that of Cox1. However, it should be
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Fig. 4. Feedback control of cytochrome b synthesis. Cytochrome b is the central subunit
of cytochrome c reductase (complex III of the respiratory chain). The two structurally
unrelated proteins Cbs1 and Cbs2 serve as translational activators that interact with
the 5′-UTR of the COB mRNA. Cbp3 and Cbp6 form a dimer that associates with the
large subunit of the mitochondrial ribosome in proximity to the polypeptide exit tun-
nel. This dimer binds to newly synthesized cytochrome b and probably maintains it in
an assembly-competent form. Mutants lacking Cbp3 and Cbp6 expressed reduced
levels of cytochrome b indicating that the presence of these proteins on the ribosome
stimulates the translation of the COB mRNA.
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the case of cytochrome c oxidase so that mutants that fail to assemble
cytochrome c reductase still synthesize cytochrome b, albeit at re-
duced levels. Possible sequence homologs of Cbp6 and Cbp3 are
found in humans and S. pombe, however the function of the human
genes is unknown whereas in S. pombe Cbp3 and Cbp6 are involved
at a post-translational step of cytochrome c reductase biogenesis.
No cytochrome b synthesis activator has been found yet in these
organisms.4.4. Atp6 synthesis depends on the assembly of ATP synthase
The mitochondrial FoF1-ATPase consists of two subcomplexes: the
Fo part is embedded in the inner membrane and serves as proton
pump; the F1 part in the matrix uses the rotation of the pump to syn-
thesize ATP from ADP and phosphate. For assembly, both parts are
produced separately and then combined during biogenesis; protons
are transferred across the membrane only after a ﬁnal assemblyMatrix
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Atp6 and Atp8
Synthesis
F
Assembly
o
F
F
1
1
+
Fig. 5. Feedback control of Atp6 andAtp8 synthesis. Atp6 and Atp8 represent two subunits
of the Fo part of the mitochondrial FoF1-ATPase. Their synthesis is strongly stimulated in
the presence of F1 pre-complexes which exclusively consist of nuclear encoded subunits.
Mutants that fail to produce or assemble F1 subunits produce only low amounts of Atp6
and Atp8. Overexpression of the translational activator Atp22 relieves this block suggest-
ing that Atp22 is – directly or indirectly – activated by the presence of F1 precomplexes.
This regulatory feedback loop adapts the levels of mitochondrially encoded Atp6 and
Atp8 to the levels of assembled nuclear encoded subunits of the ATPase.step where Atp6 is added to the complex [115,137,138]. This order
of events prevents a fatal situation in which protons could freely dif-
fuse through an assembly intermediate of the ATPase which would
result in a collapse of the membrane potential [12].
Interestingly, mutants that lack subunits of the F1 part or fail to
assemble the F1 subcomplex synthesize only reduced levels of Atp6
and Atp8 [139]. Apparently, the presence of soluble F1 subcomplex
stimulates translation of Atp6 and Atp8 (Fig. 5). Overexpression of
the translational activator of ATP6 and ATP8, Atp22, uncouples this
regulatory circuit. It therefore appears likely that Atp22 senses di-
rectly or indirectly the levels of F1 subcomplexes and only allows
synthesis of Atp6 and Atp8, if assembly-competent F1 subcom-
plexes are available, thereby preventing the accumulation of non-
assembled, potentially harmful Fo subunits. Human cells probably
employ a different strategy to prevent accumulation of Atp6:
Here, Atp6 is still synthesized in the absence of assembly-
competent F1 subcomplexes, but is rapidly degraded [140]. Homo-
logs of the translational activator Atp22 are not found in animals
or S. pombe (Table 1).5. Outlook
In S. cerevisiae, genetics has led to the identiﬁcation of translation-
al activators for each of the protein-coding genes of the mitochondrial
genome (Table 1). Although the ﬁrst translational activators were
identiﬁed about 25 years ago, the molecular process by which they
control translation is still poorly understood. The recent identiﬁcation
of regulatory circuits in mitochondria allows fascinating insights into
how the cell can coordinate the levels of synthesis of nuclear and mi-
tochondrial subunits of the mitochondrial complexes. It will be inter-
esting to see whether similar control mechanisms also regulate
protein synthesis in mitochondria of organisms whose mitochondrial
transcripts contain no or only short regulatory UTR regions like S.
pombe and mammals. It is striking that sequence homologs of transla-
tional activators can mostly be detected only in yeasts that are closely
related to S. cerevisiae. Exceptions are only factors that have addition-
al functions like Mss51 or Cbp3. Thus, the sequences of classical trans-
lational activators may have diverged quickly due to co-evolution
with their RNA targets. Alternatively, the function of translation acti-
vators may represent a specialized adaptation of S. cerevisiae to facul-
tative aerobiosis. Finally, the modulation of translation in S. pombe
and human mitochondria might also be mediated by other types of
factors that lack homologs in yeast. Recently, several nuclear-
encoded factors controlling mitochondrial translation in mammalian
cells were identiﬁed which have been implicated in mitochondrial
diseases [141]. In the future it will be important to pursue the study
of the expression of mitochondrial translation products in mammali-
an cells and to identify the principles and components by which the
synthesis of these proteins is regulated.Acknowledgements
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